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ABSTRACT: The adsorption of the strong polyelectrolyte poly(styrenesulfonate) (PSS) to the air surface
of dilute aqueous solutions was investigated as a function of molecular weight and salt concentration.
Detailed segment profiles of the deuterated polymer were determined by neutron reflection. Surface activity
was also examined through surface tension measurements. In general, the segment profiles are composed
of a thin layer (10—20 A thick) of high concentration at the air surface, followed by a distinct second
layer of much lower segment concentration that extends to larger depths into the liquid. The high segment
density at the air surface is due to a strong surface attraction, arising from the low surface energy of the
PSS backbone relative to the surface tension of water. At low salt concentration, the profiles tend toward
a single dense layer, suggesting that the chains lie nearly flat at the interface in that limit. The adsorbed
amount increases with salt concentration, with a stronger dependence for higher molecular weight chains.
The adsorbed amounts at the air/water interface are higher than reported previously for PSS adsorbed
onto neutral solid surfaces, consistent with the fact that the air—liquid interface provides a stronger
surface attraction. While the trends of adsorbed amount with salt concentration and molecular weight
are in good agreement with numerical self-consistent-field lattice calculations, the measured bilayer
profiles are rather different from the smoothly decaying theoretical profiles. The surface tensions of the
PSS solutions are significantly lowered relative to those of pure salt solutions. Combining the reflectivity
and surface tension measurements, an approximately linear relationship is established between the surface

pressure and the PSS adsorbed amount.

Introduction

The adsorption of polyelectrolytes onto surfaces is
important in many technologies. The adsorption of
polyelectrolytes onto colloid surfaces plays a central role
in the stabilization of emulsions in food, photographic,
paint, water purification, flotation separations, en-
hanced oil recovery, and pharmaceutical industries.!?2
Adsorption of biological polyelectrolytes is important for
understanding biochemical processes and also for con-
trolling fouling in biotechnological operations.® From a
fundamental point of view, it is interesting to investi-
gate how the conformation of a polyelectrolyte is changed
near an interface and the factors that control the
conformation and the adsorbed amount.*

In this work we examine the adsorption of the strong
polyelectrolyte poly(styrenesulfonate) (PSS) to the air
surface of water. This system constitutes the unusual
case of polyelectrolyte adsorption to a neutral surface
with a large surface attraction described by the surface
“chemical” adsorption parameter ys. In general, surface
attraction is determined by both electrostatic and
chemical effects, and the combined effects are often
described by an effective surface adsorption parameter
%S4 For adsorption onto neutral solid surfaces, the
surface attraction is determined by chemical effects
alone (xs° = <), and ys is typically small. However, we
show below that the values of ys are in general much
larger at the air surface of aqueous solutions.
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The activity of neutral polymers at the air surface of
liquids has been studied previously using surface ten-
sion measurements,5~7 X-ray evanescent wave-induced
fluorescence,®® neutron reflectivity,’°=14 and surface
light scattering.1>16 Either adsorption or depletion can
occur if the surface energy of the polymer is much lower
or much higher, respectively, than the surface tension
of the solvent. For aqueous solutions, the adsorp-
tion energy per monomer is given by a? ((Yairwater +
Xy monomerfwater) — (YVairimonomer + Ymonomeriwater)) Where a is
the length of a monomer, y; are the interfacial tensions/
energies, and X is a factor which depends on the
conformation of the polymer in the aqueous subphase
(greater than unity for solvated chains). In general, the
difference yairwater — Yairimonomer IS much larger than the
corresponding difference at neutral solid substrates
Ysubstrate/water — Y substrate/monomer- Thus, while hdeOPhObiC
portions of the polymer will increase ymonomeriwater @nd
contribute to the adsorption energy at either air or
neutral solid interfaces, the adsorption energy is typi-
cally greater at the air surface due to the low surface
energy of organic polymers relative to the surface
tension of water. We show below that the strong ys leads
to important effects in the proximal region.

Fleer et al. have recently reviewed the theoretical
work involving adsorption of polyelectrolytes and outline
a number of regimes.# The main variables are the
monomer—solvent interaction parameter y, the mono-
mer—surface interaction parameter ys, the molecular
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weight of the chains, the charge density on the adsorb-
ing surface, the charge density on the chains, the
polymer concentration, and the ionic strength or salt
concentration. The present work concerns the case of
strong polyelectrolytes, where the degree of dissociation
does not vary with the local solution conditions. Nu-
merical self-consistent-field (SCF) lattice calculations for
this case have been reported by Van der Schee and
Lyklema,'” Papenhuijezen et al.,'® and Bohmer et al.1®
For the case of a neutral surface, as in the present work,
adsorption is driven by ys and opposed by the electro-
static interaction energy of the charges on the chains.
Electrostatic effects typically dominate over the phys-
icochemical effects embodied in ys. In that case, adsorp-
tion is negligible in the absence of salt. With increasing
salt concentration, the electrostatic interactions become
screened, and at a particular point determined by the
magnitude of ys, chains begin to adsorb. The calculations
showed that the first chains adsorb in a flat conforma-
tion, since the mutual repulsion between charges on the
chains inhibit loop formation at low salt concentration.
As a result of the flat conformation, the adsorbed
amount does not depend on molecular weight. With
further increase in salt concentration, the chains become
more flexible, more segments extend into the subphase,
the adsorbed amount increases, and the molecular
weight dependencies of the adsorbed amount and layer
thickness increase. The predicted segment concentration
profiles for high salt concentration are approximated by
an exponential or power law decay from a maximum at
the interface.

The effect of ys on the adsorption of strong polyelec-
trolytes has been addressed explicitly by Papenhuijezen
et al.’® The main effect predicted is a strong increase
in adsorbed amount with ys. For high ys, significant
adsorption occurs even at very low salt concentration.
The dependencies of adsorbed amount on salt concen-
tration and molecular weight for high ys are comparable
to those for low ys, although the molecular weight
dependence of the adsorbed amount is slightly weaker
for higher ys. Segment concentration profiles were not
reported. Numerical SCF lattice calculations of the type
described above have been performed for the adsorption
of the milk proteins a s;- and -casein to the air surface
of water.2021 |n this case detailed segment profiles were
reported. However, these proteins correspond to weak
polyelectrolytes. Thus, while the calculations are quali-
tatively informative in the context of the present system,
they cannot be compared quantitatively to the present
experimental data.

Previous experimental investigation of polyelectrolyte
adsorption to the air surface of water has involved
surface tension measurements,?2-25 direct detection of
adsorbed amounts using radioactive labeling,25=27 X-ray
and neutron reflectivity,?8-31 and surface light scatter-
ing.32 Frommer and Tanner measured the adsorbed
amount of DNA at the air surface of water by tritium
labeling.?> Adsorption was observed to increase with
increasing salt concentration. No change in surface
tension was observed, even for cases of very strong
adsorption. This was discussed qualitatively in terms
of the balancing effects of a negative surface excess of
salt and a positive surface excess of polyelectrolyte using
the generalized Gibbs adsorption equation. No evidence
for a depletion of salt was presented. We report a similar
observation in the present system. However, our inter-
pretation is quite different. We show below that for pure
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salt solutions the surface tension increases with salt
concentration, and thus polyelectrolyte adsorption in-
deed results in significant surface pressure. Okubo,??
Okubo and Kobayashi,?* and Caminati and GabrielliZ3
examined the surface tension of various aqueous poly-
electrolyte solutions (including PSS) as a function of
polyelectrolyte concentration. These studies were all
conducted at low salt concentration. Adsorbed amount
and polymer conformations were inferred from de-
creases in surface tension.

Other experimental work has involved mainly weak
polyelectrolytes. Several groups have studied the ad-
sorbed segment concentration profile of the milk protein
p-casein at the air surface of water by X-ray and neutron
reflection.?830 All groups reported a thin segment-rich
layer at the surface. One group reported a decrease in
segment concentration from the surface according to a
power law,30 whereas another group reported a distinct,
diffuse second layer extending into the aqueous sub-
phase.?82° Vaynberg et al. examined the adsorbed
segment profile of gelatin at the air surface of water by
X-ray reflectivity, where heavy counterions were used
to provide X-ray contrast.3! A bilayer profile was again
observed, although the signal was quite weak. NR and
XR have also been used to study the adsorption of the
water-soluble polymer PEO®333 and block copolymers
with hydrophobic and hydrophilic blocks3435 to the air
surface of water.

In the present work the adsorbed segment concentra-
tion profile of deuterium-labeled PSS is determined
directly by neutron reflectivity as a function of molecular
weight and salt concentration for dilute PSS concentra-
tion. Much greater scattering contrast is obtained with
deuterium-labeled PSS in a mostly H,O subphase than
in the previous X-ray and neutron reflectivity studies
of polyelectrolyte adsorption at the air—water interface
mentioned above. This allows greater detail in the
profile to be obtained as well as investigation of the
segment profile over a wider range of adsorbed amount.
The surface tension was also examined along with the
measurement of adsorbed segment profiles. This pro-
vides insight into the net effect of polyelectrolyte
adsorption on the surface free energy, as in previous
work involving DNAZ2> and p-casein.?® The rheological
and conformational properties of PSS in solution have
been reported previously.36-40

Experimental Section

Materials. Two deuterated sodium poly(styrenesulfonate)
samples were used. PSS56, with molecular weight of 56 100
g/mol (excluding Na* counterions) and My/M, = 1.06, was
obtained from Polymer Source (Quebec, Canada).** For the
second sample, d-PS of molecular weight 708 000 g/mol and
Mw/M, = 1.03 was obtained from Pressure Chemical Co. and
sulfonated using the method of Vink.*?> One gram of a solution
of d-PS dissolved in 100 mL of cyclohexane was added dropwise
to a solution of 6 g of P,Os in 27 mL of H,SO,4 at 50 °C. The
solution was stirred for 60 min and then allowed to stand for
an additional 60 min without stirring. After the solution was
cooled in an ice bath, 17 g of frozen H,O were added. In this
process a yellowish white sticky mass was obtained. The
product was washed with distilled water several times, dis-
solved in 300 mL of water, and then neutralized with sodium
methoxide. Finally, the product was precipitated by adding
excess NaCl and isolated by centrifugation. The final product
was washed with distilled water several times to remove excess
salt and then used without further purification. We refer to
the second sample by the designation PSS1150, which corre-
sponds to the molecular weight in kg/mol excluding Na*
counterions. The sulfonization level of both samples was
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roughly 90% determined by *C NMR. PSS56 was white, while
PSS1150 had a slightly yellowish tinge. For the reflectivity
work, KCI (99+%, Aldrich) was used. For surface tension
measurements performed subsequent to the reflectivity work,
a higher grade of KCI (99.999%, Aldrich) was used.

Methods. For each solution, the d-PSS sample was dis-
solved in a H,O/D,O mixture (v/iv 0.843/0.157) at dilute
concentration (0.001 g/mL), and then the desired amount of
KCI was added. After mixing, the solutions were allowed to
equilibrate for at least 6 h prior to use. The composition of
the aqueous solvent was chosen to optimize the neutron
scattering contrast while maintaining a critical edge for total
reflection. The neutron scattering length density (SLD) of the
pure subphase was 0.530 x 1076 A2, which corresponds to a
critical edge for total reflection at q. = 0.0052 A1, A fresh
solution was prepared for each reflectivity experiment. The
solution was contained in a Teflon trough at room temperature.
Roughly 20 min passed between the time the solution was
poured into the trough and the beginning of data collection.

The neutron reflectivity (NR) measurements were performed
on the NG7 reflectometer at NIST. A fixed wavelength of 4.75
A was used. The reflectivity data were analyzed by two
methods. In method I, the SLD profile was approximated with
a series of 3 or 4 slabs of constant SLD. The interfaces between
the slabs were smeared by dividing the interface region into
many smaller slabs and using an error function to describe a
smooth variation in SLD. The thickness and SLD of each
primary slab and the interface widths between the primary
slabs were adjustable parameters. The number of adjustable
parameters ranged from 5 to 7. In method I1, the SLD profile
was approximated by dividing the entire profile into 2 A thick
slabs and varying the SLD according to various functional
forms. The number of adjustable parameters was either 4 or
5 depending upon the functional form. In each case the
reflectivity was calculated from the stack of slabs using the
optical matrix method.**4* Best-fit profiles were determined
by minimization of least squares.

After collecting the reflectivity data, the surface tension was
measured by the Wilhelmy plate technique using filter paper
and a NIMA film balance. Additional surface tension measure-
ments subsequent to the reflectivity work were performed in
our lab with a sandblasted platinum plate and a Q11 force
transducer from Hottinger Baldwin measurements.

Results and Discussion

NR data for dilute solutions of PSS1150 and PSS56
at various KCI concentrations are shown in Figure la
and Figure 2a, respectively. The data cover nearly 6
orders of magnitude in reflectivity and are displayed as
reflectivity x g* to compensate for the g=* decay due to
the Fresnel law. The reflectivity data for the pure H,O/
D,0 mixture (Ro) are also shown. For the highest salt
concentrations R/Rp exceeds 10. This constitutes a much
larger signal than in previous reflectivity studies of
polyelectrolytes at the air—water interface, where R/Rq
was typically less than 2.28731 The curves through the
data correspond to the segment concentration profiles
obtained using analysis method I. The profiles are
shown in Figure 1b and Figure 2b. Segment concentra-
tion profiles obtained using analysis method Il are
shown in Figure 1c and Figure 2c. For PSS1150, the
functional form for method Il consisted of a single
parabola followed by an exponential decay. For PSS56,
the functional form consisted of the sum of two parabo-
las combined with an exponential tail. For both samples,
the quality of the best fit was comparable for the two
analysis methods. Segment concentrations were calcu-
lated from the SLD values assuming a uniform distri-
bution of KT and CI~ ions and Na* counterion conden-
sation on the PSS chains. The presence of KCI results
in only a modest increase in the SLD of the subphase
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Figure 1. (a) Neutron reflectivity data from dilute PSS1150
solutions (0.001 g/mL) with varying KCI concentration: 0.014
M (@), 0.137 M (W), 0.67 M (+), 1.50 M (#), 2.50 M (a). The
curves for 0.137, 0.67, 1.50,and 2.50 M have each been
displaced vertically by 1 x 1071 for clarity. The data for the
pure H,O/D,O subphase are also shown (O). The curves
through the data correspond to best fits using analysis method
1. No signal was detected at the lowest salt concentration. (b)
Best-fit segment concentration profiles corresponding to the
curves through the data in (a) for 0.137 M (—), 0.67 M (- - -),
1.50 M (=), and 2.50 M (- - -). (c) Best-fit segment concentra-
tion profiles using analysis method II.

(subphase with the highest KCI concentration of 2.50
M has a SLD of 0.68 x 107% A~2), and so uncertainty
regarding the detailed distribution of K* and CI~ ions
within the surface layer only weakly impacts the
calculated segment concentration profiles. Also, ex-
change of K* for Na* counterions would have only a very
small effect on the calculated concentration profiles. In
the model profiles, we assume that the roughness of the
air surface is controlled by capillary waves and remains
constant at 3 A.4546 The calculated SLD of each sub-
phase (H,O/D,O mixture + KCI) was used without
correction in the fitting.
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Figure 2. (a) Neutron reflectivity data from dilute PSS56
solutions (0.001 g/mL) with varying KCI concentration: 0.014
M (@), 0.137 M (m), 0.67 M (+), 1.50 M (#), and 2.50 M (a).
The curves for 0.137, 0.67, 1.50,and 2.50 M have each been
displaced vertically by 1 x 107 for clarity. The data for the
pure H,O/D,O subphase are also shown (O). The curves
through the data correspond to best fits using analysis method
1. (b) Best-fit segment concentration profiles corresponding to
the curves through the data in (a) for 0.137 M (—), 0.67 M
(---), 1.50 M (—), and 2.50 M (- --). (c) Best-fit segment
concentration profiles using analysis method II.

For both samples, the profiles are found to consist of
a high segment concentration immediately at the air
surface followed by a second, more extended layer of
much lower segment concentration. The layer of high
segment concentration at the surface is due to the strong
attraction of PSS to the air surface arising from the
large value of Vairwater — Yair/monomer- A surface layer of
high segment concentration comparable to that reported
here resulted from numerical SCF calculations modeling
the adsorption of a ;- and S-casein at the air surface of
water.2%21 This was due to a strong attraction for the
surface (large ys) assigned to the apolar segments of the
protein. In general, a large ys will result from the low
surface energy of organic monomers relative to water,
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Figure 3. (a) Neutron reflectivity data from a dilute PSS1150
solution (0.001 g/mL) with 2.50 M KCI. The data are compared
with the best-fit curves using analysis method Il and (—) a
function consisting of a parabola with an exponential tail,
where the derivative is not constrained to vary smoothly from
the parabola to the exponential, and (- - -) a function consisting
of a parabola followed by an exponential tail, where the
derivative is constrained to vary smoothly from the parabola
to the exponential. (b) Best-fit profiles corresponding to the
curves in (a). The lines have the same meaning as in (a). This
comparison indicates that a distinct second layer is required
in the profile.

and thus a thin layer of high segment concentration is
expected to be a general feature for all organic water-
soluble polymers. Bilayer profiles qualitatively similar
to those in the present case were reported previously
for gelatin3! and for poly(ethylene oxide) at the air
surface of water.13:32 These results support the univer-
sality of a surface layer of high segment concentration
for organic polymers in an aqueous subphase. We note,
however, that such bilayer profiles are not limited to
the air—water interface, as similar bilayer profiles have
also been reported for -casein at the interface between
water and self-assembled monolayers of octadecyl-
trichlorosilane on silicon*” and for PSS adsorbed from
aqueous solutions onto weakly charged PS latex par-
ticles by small-angle neutron scattering.® In these
cases, hydrophobic interactions or electrostatic interac-
tions with the surface apparently also lead to fairly
strong surface attraction.

Both analysis methods indicate that a distinct second
layer is required in the segment concentration profiles.
Profiles with a high segment concentration at the air
surface that decay smoothly to a low bulk value do not
give an acceptable fit to the data. This is shown in
Figure 3a,b for the PSS1150 sample, and in Figure 4a,b
for the PSS56 sample. Figure 3a shows the reflectivity
data for a KCI concentration of 2.50 M along with best
fits using analysis method Il. Two functional forms are
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Figure 4. (a) Neutron reflectivity data from a dilute PSS56
solution (0.001 g/mL) with 2.50 M KCI. The data are compared
with the best-fit curves using analysis method Il and (—) a
function consisting of the sum of two parabolas combined with
an exponential tail and (- - -) a function consisting of a single
parabola followed by an exponential tail, where the derivative
is constrained to vary smoothly from the parabola to the
exponential. (b) Best-fit profiles corresponding to the curves
in (a). The lines have the same meaning as in (a). This
comparison indicates that a distinct second layer is required
in the profile.

shown. The first form consists of a single parabola with
an exponential tail where the derivative is constrained
to vary smoothly from the parabola to the exponential.
The second functional form is the same as the first
except that the derivative is not constrained to vary
smoothly from the parabola to the exponential. The best-
fit profiles are shown in Figure 3b. The smoothly
decaying profile is clearly inadequate as indicated by
the poor fit in Figure 3a. A distinct second layer is also
required for the PSS56 sample, although the functional
form for the extended layer is quite different from that
for the PSS1150 sample. Figure 4a shows the reflectivity
data for a KCI concentration of 2.50 M along with best
fits using analysis method Il and (i) a functional form
consisting of the sum of two parabolas combined with
an exponential tail and (ii) a form consisting of a single
parabola with an exponential tail where the derivative
was constrained to vary smoothly from the parabola to
the exponential. The best-fit profiles are shown in
Figure 4b. The smoothly decaying profile is again clearly
inadequate as indicated by the poor fit in Figure 4a.
The present profiles showing a distinct second layer
are similar to the profiles reported by Atkinson et al.
for adsorption of 5-casein to the air surface of water by
neutron reflection?® but contrast with the experimental
profiles reported by Harzallah et al.3° and with numer-
ical SCF calculations for the same sysem.?! Both the
results of Harzallah et al. and the numercial SCF
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Figure 5. Adsorbed amount I' at the air surface of the
aqueous subphase as a function the square root of KCI
concentration for PSS56 (O) and PSS1150 (@).

calculations are consistent with a smooth decay (ap-
proximated by a power law or exponential) from the
surface layer, without a clear distinction between
regions of different concentration variation. To our
knowledge, no SCF calculations of profiles have been
reported for the case of a strong polyelectrolyte and
large ys.

The strong increase in reflectivity with salt concen-
tration shown in Figure la and Figure 2a corresponds
to an increase in the segment concentration of both
layers. At low salt concentration (0.137 M), the profile
consists mainly of the surface layer. From the small
dimension of the surface layer (10—20 A), the extended
chains appear to lie nearly flat at the surface. This
conclusion is contrary to that reported previously by
Caminati and Gabrielli for PSS at the air—water
interface based on surface tension measurements.??
However, nearly flat configurations for strongly ad-
sorbed polyelectrolytes at low salt concentration were
reported previously for PSS adsorbed from water onto
polystyrene latex particles by small-angle neutron scat-
tering®® and for S-casein adsorbed to the air—water
interface by neutron reflection.?8 A nearly flat configu-
ration at low salt concentration is also consistent with
the results of numerical SCF lattice calculations.*17~19
The chains are rather sparsely packed in the surface
layer, as the strong attraction to the surface is balanced
by strong charge repulsion. For 0.137 M, the area per
molecule is 150 nm? for PSS56 and 2800 nm? for
PSS1150. With increasing salt concentration, the second
layer becomes increasingly prominent. At the highest
salt concentration (2.50 M) the segment concentration
in the surface layer is very high for both molecular
weights, reaching roughly 0.7. The profile extends to a
depth of ~500 A for PSS1150 and to ~150 A for PSS56.

The dependence of the adsorbed amount on molecular
weight and salt concentration is plotted in Figure 5. The
adsorbed amount T' is given by pf¢(z) d(z), where p is
the density of d-PSS and ¢(z) is the volume fraction of
adsorbed chain segments.*® The reflectivity signal was
insufficient to obtain the adsorbed amount for 0.014 M
KCI. The adsorbed amount is plotted versus the square
root of salt concentration, following the prediction of a
linear relationship originally made by Hesselink%° and
subsequently supported by numerical SCF calcula-
tions.#1% The present data are consistent with this
relationship, in agreement with studies of PSS adsorp-
tion onto neutron solid surfaces.*%1753 No dependence
of adsorbed amount on molecular weight is detected at
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Figure 6. Thickness of the adsorbed layer as a function of
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0.137 M KCl, but a significant dependence on molecular
weight occurs at the higher salt concentrations. We note
that the molecular weight dependence of the adsorbed
amount over the entire range of salt concentration
examined is slightly weaker than reported for PSS
adsorption onto uncharged solid surfaces (polyoxy-
methylene or silica at pH 2).451:52 This is consistent with
a stronger ys for the air—water interface compared to
that for the neutral solid—water interface. For stronger
xs @ higher proportion of the segments remain on the
surface, resulting in a weaker dependence of adsorbed
amount on molecular weight.18

An important result of the larger ys at the air—water
interface is that the adsorbed amounts of PSS are larger
than observed on neutral solid surfaces over the entire
range of salt concentration examined. The adsorbed
amount of PSS on poly(oxymethylene) or silica at pH =
2 (neutral surfaces) is vanishingly low at NaCl concen-
trations below 0.1 M, irrespective of the molecular
weight of PSS,45152 whereas in the present system the
adsorbed amount is quite significant (~0.7 mg/m?) at
0.137 M KCI. At a NaCl concentration of 1.0 M, the
adsorbed amount of PSS on poly(oxymethylene) or silica
at pH = 2 is ~0.5 mg/m? for 31 K and ~1 mg/m? for 690
K PSS, respectively,*5152 and that for 350 K PSS on
platinum is 0.3 mg/m2.53 In the present system the
adsorbed amounts at 1 M KCI are much higher, with
values of ~1.5 and 2.1 mg/m? for 56 K and 1150 K PSS,
respectively. The adsorbed amount in the present work
is comparable to that reported for PSS adsorption onto
lightly charged PS latex particles.*®

The effect of salt concentration on the thickness of
the adsorbed layer is shown in Figure 6.5 There are
two competing effects of salt concentration on the
thickness of the adsorbed layer. First, the adsorbed
amount increases with salt concentration, which tends
to increase the thickness of the adsorbed layer. How-
ever, as salt screens the interaction between charges
on the chains the effective solvent quality decreases,
which leads to decreased thickness. The latter effect has
been examined in detail elsewhere for the present
system.®7:38 |n that work, dynamic light scattering was
used to determine the dependence of the self-diffusion
coefficient (D) on the degree of polymerization (N) as a
function of salt concentration. With no added salt, the
solvent quality is better than that for PS in toluene, i.e.,
D ~ N7* where x > 0.6. The good solvent condition D
~ N~06 gccurs at 0.15 M NaCl.3” The © solvent condition
D ~ N795 occurs at a KCI concentration of 3.1 M.37:38
These two competing effects of increased adsorption and
decreasing solvent quality explain the trend in thickness
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with salt concentration shown in Figure 6. At lower salt
concentration (<1 M), the dominant effect on the thick-
ness is the increase in adsorbed amount. As more chains
adsorb to the surface with increasing salt concentration,
more segments extend into the subphase liquid and the
layer thickness increases. Correspondingly, the molec-
ular weight dependence of the layer thickness increases
as well. However, once the salt concentration exceeds
1.0 M, the thickness becomes more strongly affected by
the decrease in solvent quality. For both samples, the
thicknesses decrease above 1.0 M salt concentration,
which is consistent with the fact that the solvent quality
is intermediate between good and © conditions. We note
that the PSS chains remain somewhat expanded at the
surface at 2.50 M KCI, which is consistent with the fact
that the solvent quality is still slightly better than ©
at this salt concentration. Auroy et al.5455 report that a
PSS end-grafted brush shrinks continuously but does
not collapse, even at 5 M NaCl.

To summarize the reflectivity results, the present
data for adsorbed amount and layer thickness are in
good agreement with theoretical expectations. In the
limit of low salt concentration, electrostatic effects are
strong and the accumulation of charge density at the
surface is unfavorable. However, for sufficiently high
xs Some degree of chain adsorption is still expected, and
indeed is observed in the present case. In the limit of
high xs and low salt concentration, the chains are
expected to lie flat. Consequently, no dependence of
thickness or adsorbed amount on molecular weight is
predicted in that limit.#* While the data tend toward this
limit, this limit is not attained over the experimentally
accessible range as a diffuse second layer is detected
even at 0.137 M KCI. At still lower salt concentration,
the reflectivity signal is too weak to detect the polymer
conformation. With increasing salt concentration, the
charges are screened, the adsorbed amount increases,
and more segments extend into the subphase. This leads
to an increasing molecular weight dependence of the
adsorbed amount with salt concentration.*51:52 Whereas
the trends of adsorbed amount and layer thickness on
molecular weight and salt concentration are consistent
with prediction, agreement is not obtained for the
detailed shape of the profile. In particular, the presence
of the distinct second layer contrasts with the smoothly
decaying theoretical profiles from numerical SCF cal-
culations for weak polyelectrolytes at high y<?* or strong
polyelectrolytes at low ys.4

The surface tension of each solution was measured
following collection of the reflectivity data. For both
samples, little change (<1 dyn/cm) in surface tension
was detected over the entire range of salt concentration
examined. This observation is similar to that reported
for DNA in aqueous salt solutions by Frommer and
Miller.25 Subsequent to the reflectivity experiments,
further surface tension measurements were performed
in our laboratory for aqueous KCI solutions of the
PSS1150 sample at 0.001 g/mL and also for pure
aqueous KCI solutions. These data, covering the range
of KCI concentration examined in the reflectivity experi-
ments, are plotted in Figure 7. This plot shows the very
small change in surface tension that occurs with in-
creasing salt concentration for dilute PSS1150 solutions.
In addition, Figure 7 shows that the surface tension of
a pure salt solution increases substantially with KCI
concentration. The latter effect is well-known; however,
its origin has not yet been clearly resolved.®%5” From
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Figure 7. Surface tension of pure aqueous salt solutions (O)
and with 0.001 g/mL PSS1150 (®). The difference in surface
tension at a given KCI concentration indicates the surface
pressure due to the adsorbed PSS.
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Figure 8. Relationship between surface pressure and ad-
sorbed amount of PSS1150 from the data in Figure 5 and
Figure 7. KCI concentration is the independent variable and
increases along the abscissa.

Figure 7, it is clear that adsorption of PSS indeed leads
to a significant lowering of the surface tension. The
surface pressure due to the adsorbed polymer is given
by the difference in surface tension for the salt solutions
with and without the polymer. From the data in Figure
7, the surface pressure due to PSS1150 approaches 6
dyn/cm at 3 M KCI. In Figure 8, the surface tension data
in Figure 7 are combined with the adsorbed amounts
determined from the reflectivity to determine the rela-
tionship between surface pressure and adsorbed amount
of PSS1150. It must be remembered that salt concen-
tration is the independent variable and varies along the
abscissa in Figure 8. The relationship in Figure 8 would
be very difficult to obtain at the solid/liquid interface,
and to our knowledge this is the first time such a
relationship has been established. Combined with the
conformational information in Figures 1—3, these data
provide a strong test for theories of polyelectrolyte
adsorption.

Summary. We have investigated the detailed seg-
ment profile for deuterated poly(styrenesulfonate) ad-
sorbed to the air surface of dilute aqueous solutions by
neutron reflection. Strong contrast from deuterium
labeling allows the segment profile to be examined in
detail over a range of adsorbed amount. In the limit of
low salt concentration, the profile tends toward a
conformation consisting of mainly a thin dense surface
layer, i.e., mostly trains with few segments extending
into the subphase. At higher salt concentration, we find
a bilayer profile with a thin layer of very high segment
concentration at the air surface and a distinct second
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layer of much lower segment concentration which
extends well into the subphase. The form of the second,
extended layer is different for high and low molecular
weight samples, where a parabola with an exponential
tail is an adequate description for low N and a simple
exponential decay is an adequate description for high
N. The high segment concentration at the air surface
is due to a strong attraction resulting from the low
surface energy of the PSS backbone relative to the
surface tension of water. The strong segment attraction
to the surface leads to increased adsorption relative to
that at neutral solid surfaces over the entire range of
salt concentration. Strong segment—surface attraction
is expected to be a general feature for organic water-
soluble polymers adsorbed to the air surface of aqueous
solutions. The trends in adsorbed amount with salt
concentration and molecular weight are in good agree-
ment with the predictions of numerical SCF theory,
while the form of the distinctly bilayer profiles contrasts
with the more smoothly decaying theoretical profiles.
The surface tensions of the PSS solutions are signifi-
cantly lowered relative to that of the pure salt solutions.
The adsorbed amount and surface pressure both in-
crease with salt concentration, and an approximately
linear relationship is established between the adsorbed
amount and the surface pressure.
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